Archives of cryopreserved sperm harvested from genetically engineered mice, in mouse resource centers, are a readily accessible genetic resource for the scientific community. We previously reported that exposure of oocytes to reduced glutathione (GSH) greatly improves the fertilization rate of frozen-thawed mouse sperm. Application of GSH to in vitro fertilization techniques is widely accepted as a standard protocol to produce sufficient numbers of mice from cryopreserved sperm. However, the detailed mechanism of the enhancement of fertilization mediated by GSH in vitro is not fully understood. Here we focused on the chemical by determining the effects of its amino acid constituents and cysteine analogs on the fertilization of oocytes by frozen-thawed sperm. Furthermore, we determined the stability of these compounds in aqueous solution. We show here that L-cysteine (L-Cys), D-cysteine (D-Cys), or N-acetyl-L-cysteine (NAC) increased the rate of fertilization when added to the medium but did not adversely affect embryo development in vitro or in vivo. The levels of thiol groups of proteins in the zona pellucida (ZP) and the expansion of the ZP were increased by L-Cys, D-Cys, and NAC. These effects were abrogated by the methylation of the thiol group of L-Cys. NAC was the most stable of these compounds in the fertilization medium at 48C. These results suggest that the thiol groups of cysteine analogs markedly enhance the fertilization rate of mouse oocytes. assisted reproductive technology, fertilization, in vitro fertilization (IVF), oocyte, zona pellucida
INTRODUCTION
Sperm cryopreservation is widely accepted as the first choice for efficiently preserving genetically engineered mice [1, 2] . The International Mouse Strain Resource is a global network of mouse resource banks with an archive of over 14 000 strains of genetically engineered mice in the form of cryopreserved sperm and provides a valuable resource to the scientific community [3, 4] . Recently, techniques for genome editing, such as the TALEN and CRISPR/Cas9 systems, have greatly accelerated the generation of genetically modified mice for in vivo studies [5, 6] . Therefore, the importance of cryopreserving sperm harvested from the rapidly increasing number of transgenic mouse strains generated by these techniques is increasing.
We continuously develop various reproductive techniques such as sperm cryopreservation and in vitro fertilization (IVF) to establish a robust archive and recovery system of genetically engineered mice [7] [8] [9] . These techniques help overcome the low fertilization activity of frozen-thawed sperm of C57BL/6 mice, which is mainly used to contribute as the background genotype of genetically engineered mice [10, 11] . For example, the addition of L-glutamine to a cryoprotectant composed of 18% raffinose pentahydrate and 3% skim milk (mR18S3) improves the fertilization efficiency of frozen-thawed sperm harvested from C57BL/6 mice (fertilization rate: control 17.9% vs. 100 mM L-glutamine 29.1%) [8] . Moreover, incubating the frozen-thawed sperm first with methyl-b-cyclodextrin (MBCD) greatly increases the fertilization rate (control 20% vs. 1.0 mM MBCD 68%) by effectively inducing capacitation through enhanced cholesterol efflux from the cells [7] . Addition of reduced glutathione (GSH) to the fertilization medium elevates the fertilization rate (control 65.6% vs. 1.0 mM GSH 92.0%) and expands the zona pellucida (ZP) by reducing disulfide bonds [9] . Exposure of GSH to oocyte is also useful to yield high and stable fertilization rates in IVF using cold-stored sperm or cryopreserved or in vitro-matured oocytes in mice [12] [13] [14] [15] . However, the detailed mechanism of the effects of GSH on fertilization is unknown.
GSH, which is a tripeptide composed of glycine (Gly), Lcysteine (L-Cys), and L-glutamic acid (L-Glu) residues, plays important roles in mitigating the toxic effects of antioxidants, mediating the metabolism of nutrients, and regulating cellular processes [16, 17] . The reducing activity of GSH may promote fertilization, but its site of action requires further research.
In the present study, we compare the effects of GSH, amino acids that are constituents of GSH, and cysteine analogs on fertilization. In experiment 1, we test effects of Gly, L-Cys, and L-Glu on the efficiency of IVF. In experiment 2, we analyze the effects of various cysteine-analog stereoisomers, including Dcysteine (D-Cys), its N-acetylated derivative N-acetyl-L-cysteine (NAC), and its S-methylated derivative S-methylated-Lcysteine (SMC) on fertilization. In experiment 3, we evaluate the development of embryos derived from IVF using these cysteine analogs. Next, we compare the effects of cysteine analogs on the levels of protein thiol groups in the ZP (experiment 4) and on the expansion of the ZP (experiment 5).
In experiment 6, we determine the stability of these compounds in aqueous solution.
MATERIALS AND METHODS

Animals
C57BL/6J mice were purchased from CLEA Japan and were used as sperm (from male mice 12-15 wk old) or oocyte (from female mice 8-12 wk old) donors. ICR mice (8-16 wk old) were used as recipients of two-cell embryos. All animals were housed under a 12L:12D cycle (lights from 0700 to 1900 h) at 22 6 18C with free access to food and water. The Animal Care and Use Committee of Kumamoto University School of Medicine approved the protocols for experiments using animals.
Media
A sperm cryoprotectant agent composed of 18% raffinose pentahydrate, 3% skim milk (Difco, Beckton-Dickinson), and 100 mM L-glutamine solution (mR18S3) was prepared as described previously [8] . Preincubation of sperm was performed using a modified Krebs-Ringer bicarbonate solution (TYH) containing 1.0 mg/ml polyvinyl alcohol and 0.75 mM MBCD (Sigma-Aldrich) [7, 18] . Calcium-enhanced human tubal fluid (mHTF) was used as the fertilization medium [19, 20] . To test their efficacy, various concentrations of Gly, L-Cys, or L-Glu in experiment 1 and D-Cys, NAC, or SMC in experiment 2 were added to the fertilization medium before use. The control for each experiment was mHTF with or without 1.0 mM GSH [9] . Potassium simplex optimized medium (KSOM) was used to culture two-cell embryos to the blastocyst stage [21] .
Procedure for Freezing and Thawing Sperm
Cryopreservation of sperm was performed as described previously [1, 8] . A 120-ll aliquot of mR18S3 solution was added to a 35-mm culture dish and covered with paraffin oil. After killing a male mouse by cervical dislocation, its cauda epididymides were removed and completely cleaned of all fat and blood as confirmed by microscopy, transferred to a drop of mR18S3, and cut into five or six pieces using microspring scissors. The dish was then maintained at 378C for 3 min and shaken gently every minute to dissociate the sperm from the tissue.
During the preparation of sperm, 10 freezing straws (0.25-ml plastic straw; IMV) were loaded with 100 ll mHTF and 15 mm air using a 1-ml syringe. The sperm suspension was then divided into 10 aliquots (10 ll each) in a culture dish. Each drop of the sperm suspension was loaded into a freezing straw along with 15 mm air, and both sides of the straw were heat sealed. The sealed straws were transferred to a freezing canister made from a 50-ml syringe and cooled in the gas layer in the neck of a liquid nitrogen tank (MVE XC 47/11-10; CHART Inc.) for 10 min. When the temperature equilibrated, the canister containing the straws was plunged directly into liquid nitrogen, and the straws were transferred to a precooled triangular cassette in the liquid nitrogen tank. Before the experiments, the samples were removed from liquid nitrogen and thawed in a 378C water bath for 10 min.
In Vitro Fertilization
Procedures using frozen-thawed sperm for preincubation and IVF were described previously [9] . Mature female mice were superovulated by an intraperitoneal injection of 7.5 IU equine chorionic gonadotropin (ASKA Pharmaceutical Co. Ltd.) and injected with 7.5 IU hCG (ASKA Pharmaceutical Co. Ltd.) 48 h later. The mice were killed 14-15 h later by cervical dislocation, and their oviducts were quickly removed and transferred to a fertilization dish containing paraffin oil. Under microscopic observation, a needle and forceps were used to remove four to six cumulus-oocyte complexes (COCs) from the ampullae of the fallopian tubes of two or three mice. The COCs were then introduced into a 90-ll drop of fertilization medium containing various additives covered with paraffin oil.
A 10-ll aliquot of thawed sperm suspension was added to the center of a 90-ll drop of TYH containing MBCD covered with paraffin oil. The thawed sperm were preincubated for 30 min at 378C in an atmosphere containing 5% CO 2 , and then a 10-ll aliquot of sperm suspension was collected from the periphery of the drop using a wedge-shaped pipette tip (0.5-10 ll; Quality Scientific Plastics). The sperm suspension was transferred to the IVF drop containing COCs and incubated at 378C in an atmosphere containing 5% CO 2 (final motile sperm concentration: 200-400/ll).
After 3 h, the inseminated oocytes were washed three times in drops of mHTF (80 ll), covered with paraffin oil, and cultured at 378C in an atmosphere containing 5% CO 2 . At this time, pronucleus formation was observed by phasecontrast microscopy. Twenty-four hours after insemination, fertilization rates were calculated as the total number of two-cell embryos divided by the total number of inseminated oocytes multiplied by 100.
Embryo Culture and Transfer
To evaluate the development of the two-cell embryos produced using IVF in the presence of various additives, we performed embryo culture and transfer (experiment 3). After IVF, the two-cell embryos were divided into a group that was cultured to the blastocyst stage in a 100-ll drop of KSOM and a group that was transferred into the oviducts of ICR females (10 embryos/oviduct) on the day a vaginal plug was found (Day 1 of pseudopregnancy). Embryos were transferred through the wall of the fallopian tube as described previously [22] , and the number of offspring was recorded after 19 days.
Quantification of Protein Thiols in the ZP
In experiment 4, the levels of protein thiols in the ZP were examined as described previously [9] . After collection of COCs, the oocytes were denuded in mHTF containing 0.1% hyaluronidase, transferred, and incubated in mHTF containing GSH, NAC, L-Cys, D-Cys, or SMC (1.0 mM each) for 1 h. A second aliquot of oocytes was incubated with these same compounds (1.0 mM each) for 30, 60, 120, or 180 min at 378C. The treated oocytes were collected, washed three times in PBS containing 1.0 mg/ml polyvinyl alcohol (PBS-PVA), and stained with 100 lg/ml Alexa Fluor 488 C5-maleimide (A10254, Invitrogen) for 30 min in the dark at room temperature. After the stained oocytes were washed three times in PBS-PVA, images were acquired using a fluorescence microscope (Biorevo BZ-9000; Keyence Co.) and analyzed with the aid of the image analysis software (BZ-H2A version 1.42; Keyence Co.).
Measurement of the Expansion of the ZP
In experiment 5, we measured the ZP using a published method [9] . After analyzing the ZP for protein thiol levels, the morphological changes in the ZP (10 oocytes per experiment) were observed using a microscope, and the area of the ZP was determined using the image analysis software (BZ-H2A version 1.42).
Quantification of GSH, L-Cys, D-Cys, and NAC in Aqueous Solution
The stabilities of GSH, L-Cys, D-Cys, and NAC in mHTF were analyzed by spectrophotometrically using Ellman reagent (5,5-dithiobis[2-nitrobenzoic acid]) in experiment 6 [23] . One millimole of each compound was dissolved in mHTF and stored for 0, 1, 2, 3, 4, 5, 6, or 7 days at 48C, and quantification of the compounds was performed according to a published protocol [24] .
Statistical Analysis
Statistical analysis was performed using Prism version 5.0 (GraphPad). Results are expressed as the mean 6 SD. Group results were compared using analysis of variance after arcsine transformation of the percentages; P , 0.05 was considered statistically significant.
RESULTS
Experiment 1: Effect of the Amino Acid Constituents of GSH on Fertilization
To determine the active moiety of GSH, we investigated the effects of the amino acid constituents of GSH (Gly, L-Cys, and L-Glu) on IVF ( Table 1) . Addition of L-Cys, but not Gly and LGlu, increased the fertilization rate to over 80% at concentrations between 0.5 and 2.0 mM.
Experiment 2: Effect of Cysteine Analogs on Fertilization
In experiment 1, L-Cys had a significant effect on promoting fertilization. In experiment 2, we determined the effects of cysteine analogs such as its stereoisomer (D-Cys) as well as its N-acetylated (NAC) and S-methylated (SMC) derivatives on the fertilization rate in vitro (Table 2) . D-Cys and NAC TAKEO ET AL. increased the fertilization rate to over 80% at concentrations between 0.5 and 2.0 mM. In contrast, SMC abolished the enhancement of fertilization. (Table 3 ). The developmental rates of the blastocysts were similar to those of oocytes fertilized without additives, and normal live young were born after embryo transfer with a birth rate similar to that of the control. Thus, adding additives to the IVF medium did not adversely affect development in vitro or in vivo.
Experiment 4: Levels of Protein Thiols in the Presence of Additives
GSH reduces disulfide bonds and increases free thiols in the ZP. In our study, L-Cys, D-Cys, and NAC also increased the levels of free thiols in the ZP (Fig. 1) . The effects of GSH and NAC were greater compared with those of L-Cys or D-Cys. The levels of free thiols in the ZP of SMC-treated oocytes were the same as those of untreated oocytes.
Experiment 5: Expansion of the ZP by Additives
We previously showed that GSH facilitates the expansion of the ZP. Expansion of the ZP was observed in the presence of LCys, D-Cys, and NAC (Fig. 1) . The effect of NAC was equal to that of GSH, whereas those of L-Cys and D-Cys were lower compared with those of GSH and NAC. SMC had no detectable effect on the morphological changes of the ZP.
Experiment 6: Stability of GSH, L-Cys, D-Cys, and NAC in Aqueous Solution
NAC was the most stable compound (Fig. 2) , and the ratios of residual GSH to NAC gradually decreased with time. In contrast, L-Cys and D-Cys degraded rapidly and were undetectable after 6 days.
DISCUSSION
In the present study, we show that L-Cys and cysteine analogs with a free thiol group (D-Cys and NAC) enhance the fertilization of mouse oocytes to the same extent as GSH. There was a simultaneous increase in the levels of protein thiols in the ZP and expansion of the ZP in oocytes treated with GSH, L-Cys, D-Cys, and NAC. However, these effects were abrogated by methylation of the thiol group of L-Cys (SMC). These results suggest that the thiol group of cysteine analogs increases the efficiency of fertilization of mouse oocytes in vitro. Moreover, this is the first study, to our knowledge, to report the efficacy of L-Cys, D-Cys, and NAC as enhancers of IVF.
Fertilization medium has been improved since the first successful IVF of mice was reported [25] . HTF is the most frequently used fertilization medium and contains sodium chloride, potassium chloride, magnesium sulfate heptahydrate, potassium dihydrogen phosphate, calcium chloride, sodium hydrogen carbonate, glucose, sodium pyruvate, sodium lactate, penicillin G, streptomycin sulfate, and albumin [20] . However, the fertilization rate of frozen-thawed C57BL/6 sperm is extremely low when HTF is used [1, 10] . To overcome this problem, we evaluated other media and demonstrated that TYH containing MBCD promoted efficient sperm capacitation and restored the fertilization rate [7] . Moreover, we found that treatment of oocytes with GSH induced the expansion of the ZP by reducing disulfide bonds of proteins in the ZP and improved the fertilization rate [9] .
In the present study, we showed that supplementation of mHTF with L-Cys, D-Cys, or NAC was similarly effective for increasing the fertilization rate (Tables 1 and 2) , and NAC and GSH effectively reduced the disulfide bonds in the ZP and induced expansion of the ZP (Fig. 1) . In aqueous solution, NAC was the most stable of the compounds tested (Fig. 2) and therefore may serve as the most useful of these compounds for IVF.
We previously reported GSH increased the level of protein thiols in the ZP in a dose-dependent manner [9] . The ZP expansion was also facilitated following the increase of concentration of GSH. In this study, we examined the effects of cysteine analogs at 1.0 mM on the level of protein thiols on the ZP or the ZP expansion. The capacity to increase the level of protein thiols was higher in the order LCys and D-Cys , NAC , GSH. In addition, GSH had a CYSTEINE ANALOGS PROMOTE FERTILIZATION strong effect on promoting the ZP expansion compared with L-Cys, D-Cys, or NAC. These results suggest that the difference of chemical or physiological characteristics in cysteine analogs may affect the effects on the ability to increase protein thiols in the ZP and promote the ZP expansion. However, further experiments are necessary to explain in detail the mechanism of the ZP expansion with dissecting protein thiols by cysteine analogs. ZP is composed of three glycoproteins termed ZP1, ZP2, and ZP3 in mice [26] . Boja et al. determined amino acid sequences of mouse ZP1, ZP2, or ZP3, for which 21, 20, or 12 cysteine residues were respectively detected by high-resolution a Results are expressed as the mean 6 SD (n ¼ 3). * P , 0.05 compared with oocytes incubated in mHTF (control). electrospray mass spectrometry [27] . The authors indicated all cysteines of the ZPs possibly participated in disulfide bonds and determined the mapping of the disulfide bond linkages in the detected peptides in the ZPs. On the other hand, Iwamoto et al. demonstrated that the amount of cysteines with free thiols in bovine ZPs decreased and intramolecular disulfide bonds of ZPA and intramolecular and intermolecular disulfide bonds in ZPB were formed during fertilization [28] . These findings indicated that the linkages of ZPs by the disulfide formation are responsible for the hardening of ZP during fertilization. The dissection of disulfide bonds by the reducing ability of cysteine analogs may directly contribute to facilitate fertilization by changing the molecular structures of ZPs or preventing the ZP from hardening by the disulfide formation. Determination of dissecting the disulfide bonds in the ZP should be performed to deeply understand the effects of cysteine analogs in future experiments.
control
To investigate the effects of cysteine analogs on the fertilizing ability of sperm and oocytes, we performed IVF using oocytes or sperm separately treated with GSH, L-Cys, DCys, or NAC before fertilization. Pretreatment of oocytes with cysteine analogs dramatically increased fertilization rates (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). On the other hand, pretreatment of sperm with cysteine analogs did not affect the fertilization rate (Supplemental Table S2 ). Next, we investigated sperm motility by computer-assisted sperm analysis. Sperm motility was not changed by cysteine analogs at 1 h, but L-Cys, D-Cys, and GSH showed decreased motility after sperm incubation for 3 h (Supplemental Table S3 ). These results suggest that cysteine analogs mainly affect oocytes and increase the fertilizing ability of oocytes.
Some researchers have evaluated the effects of antioxidants on frozen-thawed sperm used for IVF. For example, Ostermeier et al. discovered that adding a-monothioglycerol (MTG) to a sperm cryopreservation solution maintained the fertilization activity of frozen-thawed mouse sperm [29] . MTG, which is an antioxidant with a thiol group, is used to supplement various cell culture media to protect cells against oxidative stress [30, 31] . Taguma et al. reported that preincubating sperm with the thiol-containing antioxidant and chelating agent D-penicillamine improves fertilization efficiency [32] . Bath demonstrated that GSH restores the ability of frozen-thawed mouse sperm to fertilize oocytes and suggested that the mechanism involves the inhibition of oxidative stress that occurs during fertilization [33] .
Using frozen-thawed mouse sperm, Gray et al. [34] found that MTG and GSH reduce oxidative stress during fertilization. Here we have shown that the cysteine analogs with antioxidant activity, GSH, L-Cys, D-Cys, and NAC, increase fertilization efficiency by inducing morphological changes in the ZP. These results suggest that the thiol group strongly contributed to the restoration of the fertilizing activity of frozen-thawed sperm and oocytes in IVF. The effectiveness of various compounds with thiols in mouse reproductive technology was apparently demonstrated. However, the identities of the molecules in sperm, oocytes, or both that reacted with these compounds were not determined, and further investigations are required.
Cysteine analogs are used in various artificial reproduction techniques and for the in vitro culture of oocytes or embryos. For example, addition of L-Cys, GSH, NAC, or cysteamine enhances the content of intracellular GSH required for maturation, fertilization, and development in porcine, bovine, hamster, and sheep oocytes [35] [36] [37] [38] [39] [40] [41] [42] [43] . Addition of L-Cys to embryo culture medium enhances the developmental ability of bovine embryos [44] . When using intracytoplasmic sperm injection (ICSI), treatment of oocytes with GSH or L-Cys after sperm injection improves the developmental competence of porcine ICSI-derived embryos by reducing the levels of intracellular reactive oxidant species (ROS) and the apoptosis index [45, 46] .
The reduction of oxidative stress by L-Cys, GSH, or NAC enhances the cryopreservation of bull, canine, cat, boar, and chicken sperm through improving membrane integrity, motility, and fertilization activity [47] [48] [49] [50] [51] [52] [53] [54] . Furthermore, intake of NAC by aged mice restores the quality of fertilized oocytes and early embryonic development and increases litter size [55] . These findings indicate that cysteine analogs have great potential to improve various reproductive techniques. However, the efficacy of cysteine analogs in human reproductive techniques is not established, and further research is required.
In summary, cysteine analogs with a free thiol group, particularly NAC, have great potential to improve the fertilization of mouse oocytes by reducing disulfide bonds in 
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